ABSTRACT. Heat shock protein 90 (Hsp90), a molecular chaperone, is ubiquitous and involved in numerous cellular processes. To contribute to the relatively small collection of vertebrate Hsp90 sequences in the gene data bank, we cloned and sequenced horse (Equus caballus) Hsp90 α and β cDNAs. This enabled identification of horse-specific primers for development of a convenient PCR-based method that could monitor horse stress tolerance. We analyzed the sequence data comparatively and phylogenetically with other Hsp90 cDNA sequences, and identified vertebrate-specific and isoform-specific conserved regions to facilitate future molecular investigations of Hsp90 functions. We found 4 highly conserved regions to vertebrate Hsp90 exclusively and 27 amino acids conserved among but differing between Hsp90 α and Hsp90 β sequences. Protein-based phylogenetic trees revealed high conservation between mammal species within Hsp90 α and β clusters. Comparison of nucleotide and amino acid substitution levels suggests that horse Hsp90 β has undergone strong purifying selection, while rat Hsp90 β and hamster Hsp90 α have been positively selected. Surprisingly, fish Hsp90 α genes clearly clustered with Hsp90 β genes, and no distinct placement of fish Hsp90 α protein was found. The Hsp90 α isoform is apparently the result of β gene duplication. Our results highlight the importance of organism-and isoform-specific Hsp90 functional analyses in describing the role of Hsp90 in cells.
The heat shock protein 'Hsp90' is highly abundant in cells [5] , ubiquitous and largely conserved in quite different groups of organisms [13] . Understating its functional complexity, it is classified as a cellular 'molecular chaperone'. Since it is a central component of chaperone complexes that are critical in numerous fundamental physiological processes, Hsp90 may be better described as a 'multi-chaperone system host'. Its chaperone activities range from interacting with the specific proteins/chaperones involved in cell cycle control and hormone signaling [1, 17 and 4, 8, 16 ; respectively], to more general interactions such as binding to metastable cellular proteins following stress [5, 10, 15, 31] . The stress-induced activities of Hsp90 help, not only to maintain competent refolding structure, but also to prevent nonspecific protein aggregation. Further illustrating its functional versatility, Hsp90 has even been found to be required for Hepatitis B replication via interacting with reverse transcriptase [14] . However, while many Hsp90-cellular protein interactions have been revealed, its specific functional domains are not well described, and organismspecific or isoform-specific functions remain uncharacterized. Considering the high cellular abundance and apparently high functional versatility of Hsp90, it is likely that the biological relevance and/or method of a given Hsp90 function differs between groups of organisms. To understand why current individuals burden themselves with a high level of Hsp90 production, group-specific functional analyses are crucial. Moreover, it is important to clarify regulatory mechanisms of Hsp90 gene expression in each organism under a variety of physiological conditions, since heat shock factors are involved in stress-induced gene expression [21] . Recently, it is reported that signalling pathways of interleukin-6 and interferon γ, multifunctional cytokines, regulate Hsp90 gene expression [28, 29] . However, the detailed expression regulation mechanisms in a vareity of organisms and tissues, are not clearly understood.
Hsp90 cDNA and amino acid sequences of a target animal of research interest are critical to designing experiments for functional analyses and understanding evolutionary relationships. Sequence information is also essential for studying gene expression regulation. To enable these pursuits using horse Hsp90, we present the molecular cloning and sequence analysis of race horse Hsp90 cDNAs. The expression level of Hsp90 in horse lymphocytes is found elevated upon heat stress [12] . Race horses are subject to numerous stresses such as cardiovascular and muscular stresses. Hsp90 expression level has been found to increase in the presence of increased levels of catecholamines (which are released by the hypothalamic-pituitary-adrenal axis in response to physiological stress) [ [23] , which accumulates in muscle cells during muscle stress, and calmodulin, a Ca +2 -binding protein. Therefore, elevated Hsp90 levels may be good indicators of physiological stress in race horses. For the potential application of monitoring horse physiological stress via Hsp90 expression levels, we identify horse-and Hsp class-specific primers to be used in PCRs with horse cDNA. Such a monitoring system is superior to the northern blotting method which is incapable of discriminating species-and Hsp class-specific mRNA due to the lack of significant sequence and size differences.
In addition, since precise molecular mechanisms of Hsp90 stress response action are not well understood, we phylogenetically analyzed our sequence data with other vertebrate Hsp90 sequences, and compared vertebrate Hsp90 alignment data with those from a published Hsp90 amino acid sequence comparison that includes more diverse species [13] . We identify regions unique to each isoform, and conserved to vertebrates as a group, and describe the phylogenetic relationships of vertebrate Hsp90 α and β genes. The results of the analysis are likely to be quite useful for planning studies aimed at deciphering the precise molecular mechanisms governing the role of Hsp90 in its response to particular physiological stresses and in clarifying isoformspecific and vertebrate-specific Hsp90 functions.
MATERIALS AND METHODS
Cloning and sequence determination of horse Hsp90 α and β cDNAs: A horse whole RNA fraction was prepared from 5 g of liver tissue following a standard RNA extraction protocol [24] . The isolated RNAs (10 µg) were hybridized with olido dT and used as templates for the synthesis of single-stranded complementary DNA with M-MLV reverse transcriptase (Gibco BRL). Purified cDNAs were then subjected to PCR-mediated amplification with Taq DNA polymerase (Takara). Based on nucleotide sequence analyses of vertebrate Hsp90 cDNAs, the following oligonucleotide primers were used in the PCR reactions (where nucleotides in parentheses indicate mixtures): 5'-CA(AG)AC(AGCT) CA(AG)GACCAACC(AGCT)ATGGAGGAG-3', 5'-CC(AGCT)GAG(AGC)AAGTGCA(AGCT)CATGGA-3', as the 5' terminal primers for horse Hsp90 α and β respectively, and 5'-(TC)TCCAT(AGCT)CG(AGCT)GA(AGCT) G(CT)(AG)TC(AGCT)TCATC-3', as a common 3' terminal primer. PCR-amplified DNA fragments were cloned into the EcoRV site of the Bluescript II SK+ plasmid vector. Nucleotide sequencing of cloned DNA was carried out based on the dideoxy-mediated chain termination method [25] with an ABI Prism 310 Automated Sequencer (PerkinElmer).
Identification of horse-specific primers: Horse-specific and human-specific primer sequences (5'-AACCCCCAG-GAACGCACCCTGACGC-3' and 5'-AACCCTCAG-GAACGTACCCTGACTT-3', respectively; corresponding to nucleotides 247-271) were deduced by comparing horse and human Hsp90 sequences. The candidate primers were used in separate PCRs with horse and human cDNAs and RNAs (prepared as described above) at varying annealing temperatures. The products were electrophoresed in 1% agarose gels and visualized by ethidium bromide.
Analytical methods: Sequences were obtained from Genbank via a BLAST search with the horse Hsp90 α and β seqeunces as queries. The included species and their Genbank accession numbers are summarized in Table 1 . The 17 Hsp90 sequences were aligned by Clustal W [30] . The areas extending beyond the shortest Hsp90 sequence (ie. horse Hsp90 β) were excluded from the analyses. Phylogenetic trees were constructed using the PHYLIP Ver. 3.572 package [9] . Firstly, sets of 1,000 and 500 bootstrap replicates, sampled from DNA and amino acid sequence data, respectively, were generated by SEQBOOT. Phylogenetic trees were based on the neighbor-joining distance method. The trees were assembled by inputting the bootstrapped data initially to DNADIST or PROTDIST programs and subsequently to NEIGHBOR. To all programs, each 17 sequence data set was entered randomly 10 times. All trees were unrooted. Arabidopsis thaliana was used as an outgroup.
Final bootstrap values for both types of trees were calculated by CONSENSE.
In the alignment analyses, only the vertebrate sequences were included. The α and β sequences were aligned and assessed together and separately. The vertebrate alignments were also compared against the data of Gupta [13] which includes bacterial, fungal, invertebrate, and plant species. The endoplasmic reticulum-type Hsp90s in [13] were excluded from the comparisons.
RESULTS AND DISCUSSION
Following RT-PCRs with RNA prepared from horse liver tissues, we cloned the cDNAs corresponding to Hsp90 α and β. Sequence determination of these cDNAs revealed the complete horse Hsp90 α and β cDNA sequences (shown in Fig. 1 ) excluding the regions corresponding to the primer 
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mixtures used for cloning. Nucleotide sequences were submitted to DDBJ and annotated as accession numbers AB043677 and AB043676 for horse Hsp90 α and horse Hsp90 β, respectively. As expected, horse Hsp90 was found to be highly homologous to the human Hsp90 (a detailed comparison of vertebrate Hsp90 is discussed below). The sequence information is key for functional analyses of horse Hsp90. Furthermore, as little is known of the horse family, accumulating sequence data from different horse strains, is important in revealing their evolutionary relationships. In race horses, monitoring Hsp90 expression is a relatively quick and easy way to know their physiological status over time, or their tolerance to a given stress level. For this purpose, we identified a horse Hsp90β-specific primer (5'-AACCCCCAGGAACGCACCCTGACGC-3', corresponding to nucleotides 247-271 in Fig. 1 ) and semi-quantitatively analyzed the expression of horse-specific Hsp90 mRNA in cultured cells by designing specific primers which contain the horse-specific dinucleotide sequence at their 3' termini (data not shown). In horse Hsp90β-specific amplification by PCR, annealing temperature was a critical factor. Non-specific primer annealing was observed for temperatures at and below 66°C, and very little product was detected at temperatures above 69°C. At an annealing temperature of 68°C, this PCR method specifically amplified the horse Hsp90 β derived from an mRNA preparation. Since a northern blot analysis could not discriminate horse mRNA when mixed with mRNA of other species, the PCR assay system is superior to assess horse stress levels.
To facilitate future investigations of Hsp90's functional significance to vertebrates, we conducted detailed sequence and phylogenetic analyses of vertebrate Hsp90 and compared these data to alignments of Hsp90s from more diverse species [data in 13]. The published Hsp90 amino acid alignments including bacterial, fungal, invertebrate, plant, and vertebrate Hsp90s [13] , revealed 5 regions (I-V in Fig. 2 ) of >94% conservation. As expected, our alignments similarly show high levels of conservation (>99%) in these regions. Regions I-IV have been found to be ATP-binding sites, while Region V maps to the steroid receptor-binding domain of Hsp90 [6, 7, 11, 27 ; summarized in Table 2 ]. The high conservation of these regions highlights the importance of ATP-binding in the Hsp90-involved processes of diverse species and implies some common steroid receptor-binding function between them. ATP-binding has been found to cause structural changes in Hsp90 necessary for accommodating its interaction with target substrates (eg. p23, [11] ). As p23 has not yet been identified in some species, the high conservation of the ATP-binding domains does not necessarily imply an important function common to vertebrates and other species. Therefore, it is important to design organism-, or closely related organism-, specific experiments when attempting to describe Hsp90's function.
The alignment comparisons also revealed variable regions common to both our alignments and those in [13] (location shown as A-D in Fig. 2 , level of conservation in the 2 data sets summarized in Table 2 ). Regions A and C map to the N-terminal chaperone function domain and steroid receptor-binding domains respectively. Region A is thought to form exposed coils [27] , while Region C is charged and in helix and coil structure [19] , suggesting that both regions are involved in intermolecular interaction. Therefore, the high variability in these regions observed in our data and those of [13] , may be due to organism-specific adaptation to or to co-evolution with the cellular proteins/ processes involved in N-terminal protein chaperoning and steroid receptor-binding.
Interestingly, while the diverse species alignments [in 13, data not shown here] did not show a trend in the type of amino acid substitutions within the highly variable region B, most of the observed variability in Region B of our alignments arose from differences in the fish and chicken sequences relative to mammalian sequences, and differences between mammalian α and β sequences (compare boxed regions in Region B of Fig. 2 ). This region has been found to be critical to key Hsp90 functional mechanisms such as regulating N-terminal chaperone functions [26] and nucleotide access to the C-terminal domain [20] , and in increasing the affinity for N-terminal binding of denatured proteins [26] . The relatively high conservation within mammalian α and β sequences in this area, compared to the less biased variability between more diverse species (or even lack of parts of Region B), suggests not only that mammalian Hsp90 has acquired novel chaperone activities, but that α and β isoforms may regulate different chaperone activities. This region is likely critical to understanding Hsp90 functions in mammalian cells. In addition, Fig. 2 shows 2 sites in Region B (numbered 3 and 4) where amino acids are conserved within but differ between vertebrate Hsp90 α and β isoforms. These sites may be important to defining functional difference(s) between isoforms in the Hsp90 functions enabled by Region B. Similar to Region B, Region D appeared unbiased in its variability in the diverse species alignments [in 13; data not shown here], whereas the high variability observed in the vertebrate alignments, was mainly due to differences between α and β isoforms. This region maps to the C-terminal Tetratricopeptide Repeat Protein (TPR)-binding domain and has been found to interact with immunophilins and hop [6] . It's acidic and coiled nature [6] indicates direct interaction with substrates. Therefore, the unbiased/high variability observed in the diverse species alignments [from 13] suggests that TPRbinding involves quite different proteins, or even none at all in some species, while the conservation among vertebrate α and β sequences, but variation between them, indicates a divergence in the chaperoning mechanisms of vertebrate Hsp90 α and β isoforms.
Next we identified regions that were highly conserved among vertebrate Hsp90s but quite variable among Hsp90s of more diverse species (Regions a-d illustrated in Fig. 2 ; level of conservation in the 2 data sets summarized in Table  2 ). Region a is located in the steroid receptor domain [6; references therein], Region b is apparently important for ATP-binding [7] and in Hsp90's response to heat [18] , and Regions c and d map to the TPR-binding domain [6; references therein]. As all 4 regions form structures that are likely to interact directly with substrates [6, 22] , the high conservation in these areas suggests that: 1) they are involved in activities critical in and specific to vertebrate cells, and 2) the substrates that Hsp90 interacts with in regions a-d, and/or the functional mechanisms that are potentially attributed to this area are similar in α and β isoforms.
To facilitate the design of studies geared towards deciphering Hsp90 α and β functional differences, we identified 27 amino acid sites that are conserved within, but differ between α and β isoforms (numbered in Fig. 2 ). Of these, T 498 , L 516 , and Q 560 for α; and Q 469 , M 561 , and I 715 for β, are unique (determined through comparison with the alignments in [13] ) amino acid substitutions thus indicating sites that are likely critical to vertebrate/isoform-specific function. The highest density of α/β amino acid discrepancies (sites 15-19 in Fig. 2 ) are located in a Ca +2 -calmodulinbinding domain [19] . Since calmodulin mediates numerous physiological effects induced by Ca +2 concentration, it is plausible that α and β isoforms have evolved to accommodate different calmodulin activities thus enabling vertebrate cells more efficient means of stress response or physiologi- Table 2 . Location and summary of the conserved and variable regions for vertebrate Hsp90 compared to corresponding regions of Hsp90 from more diverse species. In the 'Data set' column, 12 refers to the reference number and P represents our data set. The regions labeled by roman numerals are those corresponding to previously cited highly conserved areas as identified from Hsp90 alignments of a broad spectrum of species [13] . Determined from the alignments obtained in the present analysis, large case letters name the areas of highest variability among vertebrate Hsp90 amino acid sequences, and small case letters denote the areas of discrepancy in the level of conservation between the 2 data sets (ie. ours and [13] ). All regions are illustrated on Fig. 2 . [6] immunophilins/hop [6] cal maintenance. A second area where α and β sequences show high frequency amino acid discrepancy (sites 6-14, Fig. 2 ) was between positions 415-498 in the steroid receptor domain. These positions might be good research targets to deciphering differences in the types of steroid receptors that bind α and β isoforms. Lastly, it has been found that while Hsp90α readily dimerizes, Hsp90β remains monomeric, and that the amino acid region responsible for the lack of β dimerization is between positions 561-685 [22] . Therefore, α/β differences (ie. sites 20-24 in Fig. 2 ) are likely keys in defining dimerization ability. The neighbor-joining distance method was used for phylogenetic analyses of vertebrate Hsp90 α and β sequences (including our horse sequences). In the DNA tree, chicken α and β genes branch outside their mammalian counterparts significantly as expected (Fig. 3A: α=100, β=100) . Surprisingly, the horse and human (α) relationship to the rodent branch ( Fig. 3A: 100) can not be distinguished (Fig. 3A: 56), while pig α significantly branches outside all mammal α genes (Fig. 3A: 83) . In contrast, the protein-based tree shows no significant branching order of horse/human/pig α (Fig. 3B) relative to the strongly supported rodent branch (Fig. 3B: 90 ). This suggests two conditions: 1) high functional conservation of pig α to other mammal α proteins, and 2) functional diversification of rodent α from the mammal α proteins examined. Discrepancies between the DNA and protein trees were also observed for mammal β sequences. In the DNA trees, horse/human β and mouse/rat β branch together (Fig. 3A : 100 for both) but these relationships materialize only roughly half these values in the protein trees. The unsupported branching of horse/human/pig α and mammal β proteins suggests high functional similarity between these proteins, and highlights the importance of each isoform's structure. However, more mammal sequence data is needed to thoroughly evaluate the possibility of functional diversification within the α lineage.
The observed differences between nucleic acid and amino acid substitution levels ( Fig. 3A and B) , within and between the most closely branching genes/proteins, suggest that selection has guided the amino acid sequence changes. For example, the quite higher level of amino acid substitution shown in hamster α and rat β Fig. 3B ), but rather similar levels of nucleotide substitution between mammal α and β genes (Fig. 3A) , indicates that these genes have been positively selected. Recalling that hamster α and rat β may be quite functionally conserved to other mammal α and β genes, respectively, it follows that the relatively high levels of amino acid substitution indicate selection of a novel function and/or functional versatility. In support of this idea, the rat β sequence differs almost entirely from the other vertebrate Hsp90 sequences between positions 672-682 (see small box in Fig. 2) . As point mutations D->A at 679 and E->A at 680 have been found to result in improper protein folding [23] , and this region has been found to be critical to immunophilin and hop binding [6] , the highly divergent rat β sequence suggests a different protein architecture in this region which could accommodate a novel function and/or a different role in TPR-binding, if any.
In contrast to the divergent hamster α and rat β sequences, the horse amino acid sequences show far less change relative to the other β genes, indicating that horse β has been subject to strong purifying selection. Remarkably, it must not be overlooked that the total number of amino acid pairwise differences between the horse/human/pig α genes is quite low (pig-horse=2, human-horse=5, pig-human=3). This suggests that the changes are likely due to coevolution with, or adaptation to, each protein's respective target proteins. In support of this, one of the discrepancies in each the horse and human sequences were alterations unique (including the data in [13] ) to each species (horse α= L 441 , where all other Hsp90= F; human α= T 63 , where all other Hsp90= S or A). The possibly different-acting selective forces highlight a discrepancy between organisms and isoforms in the biological relevance level of a given Hsp90 function. Vertebrate Hsp90 α and β DNA sequences displayed distinct α and β gene clusters for mammal and chicken Hsp90 genes (Fig. 3A: α= 100, β= 100) . The clustering strongly supports separate α and β lineages which are postulated to have arisen by gene duplication [13] , a process thought to contribute significantly to the generation of novel genes. However, among fish species, both α and β genes clustered significantly with the β lineage (Fig. 3A: α= 91, β= 100). The high similarity of fish α genes to the β lineage suggests that the gene duplication event which may have yielded the α and β lineages (as described in [13] ), occurred in a vertebrate common ancestor quite recent to fish. Since DNA sequences are subject to all types of evolutionary pressures, and amino acid sequences are predominately determined by functional selection, DNA sequences are likely to be more indicative of temporal relationships between genes. Therefore, following the logic that separate α and β isoforms of Hsp90 are relatively recent adjustments to fish physiology, the clustering of the fish α genes with the β lineage suggests that the β genes represent the original Hsp90 sequences, and the α genes arose via gene duplication. In support of this, if the converse were true (ie. fish α evolved divergently from other α genes, but convergently with the β lineage following duplication of the α gene), it is expected that the fish α genes show high levels of nucleic acid substitution relative to other α genes, and/or high amino acid similarity to the β lineage. However, those predictions are not met in the phylogenetic analyses. The DNA tree illustrates similar levels of base substitution between vertebrate α and β genes, and the branching pattern of the amino acid tree is unstable for the fish α, mammal/chicken α, and fish/mammal/chicken β branches (Fig. 3B: 55) . This unresolved branching arrangement suggests some functional conservation between these proteins. Therefore, it is plausible that: 1) the fish β gene was duplicated to yield the α gene, and 2) while maintaining some functional similarity to the β protein, the fish α protein acquired novel functions that were the templates for the selection of α protein functions.
While Hsp90 is thought to play a critical role in mammalian physiology, little mammalian sequence data exists. This results in more roughly designed experiments thus hampering progress towards identification of specific Hsp90 functions. By sequencing horse Hsp90, and comparing our data to other Hsp90 sequences, we identified potentially critical amino acid sites to organism-and isoformspecific functions. Furthermore, phylogenetic analysis revealed high protein conservation, but differing levels of amino acid substitution between mammalian Hsp90s, which, given the protein's versatile nature, suggests functional diversification. This highlights the necessity of organism-specific functional studies of Hsp90 to accurately describe its biological relevance.
